Compound-nucleus fusion and binary-reaction mechanisms have been investigated for the 35 Cl+ 24 Mg system at an incident beam energy of E Lab = 282
residues from both the complete and incomplete fusion mechanisms. Energy spectra for binary fragment channels near to the entrance-channel mass partition are characterized by an inelastic contribution that is in addition to a fully energy damped component. The fully damped component which is observed in all the binary mass channels can be associated with decay times that are comparable to, or longer than the rotation period. The observed mass-dependent cross sections for the fully damped component are well reproduced by the fission transition-state model, suggesting a fusion followed by fission origin. The present data cannot, however, rule out the possibility that a long-lived orbiting mechanism accounts for part or all of this yield.
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Typeset using REVT E X I. INTRODUCTION
In recent years heavy-ion induced reactions, involving intermediate mass systems as light as A CN ≤60 at bombarding energies ≤ 10 MeV/nucleon, have been studied for various target+projectile combinations over a wide energy range [1] [2] [3] [4] [5] [6] [7] [8] . Near the Coulomb barrier (region I), the complete fusion process (CF) is the dominant reaction mechanism. At higher energies (region II) however, this process is limited by the contributions of other, competing processes such as quasi-and deep-inelastic collisions (DIC). The CF cross section is still increasing with energy, but at a much slower rate than in region I. At even higher energies (region III) the general instability of the composite system leads to a decreasing CF cross section with increasing beam energy. Strong competition between fusion and other damped mechanisms characterize regions II and III. The present measurement, which has been performed at an incident energy corresponding to region III for the complete-fusion cross sections, is designed to further study the competing reaction mechanisms at higher energies. Several competing mechanisms have been suggested to absorb the reaction flux in regions II and III. Heavy-ion resonances and orbiting mechanisms have been shown to compete with fusion for the incident flux in region II [9] ,at least in some systems.
In the incomplete fusion process (ICF) only part of the entrance channel mass is incorporated into the resulting compound system. While this process is insignificant at lower energies [10, 11] , it can quickly rise at higher energies in region III, leading to a large reduction accomplished for a few cases. More experiments are needed where the excitation functions for fusion and DIC are measured simultaneously for a given nuclear system. The present measurement is part of a more general experimental program devoted to the study of the limits of compound nucleus formation by measuring the macroscopic observables related to the formation and decay of a single nuclear system through several different entrance channels.
Within the LM method a limit is reached when a given trajectory starts to be captured in the pocket of the ion-ion potential. At this point there is no further information that can be determined for the dynamical trajectories [15, 16] , and the two interacting nuclei can be thought to form a di-nuclear system (DNC), from which they can either fuse into a fully equilibrated compound nucleus (CN), or escape from the ion-ion potential well, producing a damped orbiting process.
The decay properties of the binary fragments produced as a consequence of the fission after fusion [17] or after scission of a long-lived orbiting di-nuclear system [18] have been described in the literature on the basis of the phase-space configurations at the saddle point of the intermediate system. It has been found to be difficult to experimentally distinguish between the fission and orbiting mechanisms as both are expected to give very similar behaviour [19] . A fusion-fission origin has been suggested for fully-damped yields associated with reactions populating the reaction will be reported in a forthcoming paper based on in-and out-of-plane angular correlations between light particles and heavy fragments [28] .
In the next section, the experimental procedure is described. In section III, the fusionevaporation yields are given and discussed. The properties of the binary fragments are presented in section IV. In Section V, the compound-nucleus-decay models used to discuss the data are briefly introduced, and comparisons of the binary fragment experimental results with the predictions from the fission transition-state model are presented. In section VI, the present data are discussed in the context of previously reported results and used to explore how different competing mechanisms lead to limitations in the formation of the 59 Cu compound nucleus. Finally, a summary of the main results and conclusions are given in Section VII. A recent paper has presented the preliminary results obtained from the fragment-fragment angular correlation measurements performed at E Lab =278.4 MeV [29] , which confirm well the main conclusions of this works and provides some information on the possible occurrence of three-body break-up processes. MeV, r I =1.3 fm, a I =.42 fm for the real and imaginary parts of the potential respectively and a coulomb radius parameter r C =1.2 fm. These parameter values have been extrapolated from the low-energy data of ref. [31] .
II. EXPERIMENTAL PROCEDURE
Taking into account the uncertainties associated with all of the measured parameters, a global error of 17% is attributed to the absolute values of the differential cross sections reported in this paper. Double differential cross sections determined from the experiment have been corrected for the contribution of the carbon contaminant by subtracting from the measured cross sections the component : tector and of the gas-silicon telescopes were determined by measuring the peak positions of the elastically scattered 35 Cl nuclei from a 400µg/cm 2 thick, gold target and using the known kinematics for this reaction. In the energy calibration procedure, corrections for energy losses in the 24 Mg target, ( in the half-thickness approximation and with exception of heaviest residues, see later), and for energy losses of the fragments passing through the mylar windows of the BIC and the IC were included. Pulse-height-defect corrections for the Si detectors were taken into account using the procedure given in [32] .
III. FUSION-EVAPORATION CROSS SECTIONS
The dominant mechanism by which the compound system de-excites in this reaction, at least for lower spin values, is through the emission of light particles. Cross sections for the evaporation-residues arising from both the complete fusion and possibly by incomplete fusion processes were therefore determined. Energy spectra obtained at θ Lab =7 o are shown in Fig. 2 . The bell-shaped patterns characteristic of evaporation residues can be seen for Z=24 to Z=21 fragments. These data are compared to statistical-model calculations with the code LILITA [33] In making the comparison with model calculations it is important to account for fragment energy losses in the target. For the heavier fragments these losses can amount to 7 MeV, as compared to a 35 Cl incident beam energy loss of only 2.6 MeV. The calculated spectra in Fig. 2 were obtained by considering the reaction as occurring in a stack of twenty thin-"targets" with a total thickness equivalent to the actual 24 Mg target used in the experiment.
The LILITA spectra were calculated for each of the twenty "targets" and then corrected for the energy loss through the remaining targets. The final, "degraded" LILITA spectrum was then obtained by a convolution of the twenty constituent spectra. This procedure allows one to compare the experimental Z-residue spectra with those expected from the full momentum transfer kinematics.
For complete fusion events, the light particles are emitted in the rest frame of the recoiling nucleus, with angular distributions symmetric around 90 o and with Maxwellian energy spectra. If, in addition, the angular distributions are assumed to be isotropic, then the energy spectra of the evaporating residues can be expressed by [33] :
where E ER and M ER are the kinetic energy and the mass of the evaporating fragment,
respectively, E CN is the kinetic energy of the compound system, K is a normalization factor and s is the standard deviation parameter of the Gaussian velocity distribution of the recoiling residues. For M ER , the mean values of isotope mass-distributions calculated by LILITA, have been assumed.
The E C term is given by:
case, the Eq. (3) values are found to be lower than residue energy spectrum centroids calculated by the LILITA code with anisotropic angular distributions by only 1 to 1.5 %.
Then, for the present reaction, the centroid energies obtained using Eq. (3) are a good measure of the extent to which incomplete momentum-transfer processes occur.
In Fig. 2 , the predicted centroids from Eq. (3) are shown by arrows. The excellent agreement with the observed centroids indicates that there is no appreciable contribution of incomplete fusion processes for fragments with 22≤Z≤24. For instance, if a pre-equilibrium α particle was "lost" in the reaction by either the projectile or target before the fusion process occurs, centroid energy shifts of ≈-14 MeV or ≈10 MeV, respectively, would be expected.
Since no shift was found, these fragment yields have been ascribed to the complete fusion mechanism. It should also be noted that the LILITA calculations reproduce quite well both the energy centroid and the shape of the experimental spectra for these fragments. This justifies using these calculations to discriminate between the complete fusion process and other reaction mechanisms.
A departure from the bell-shaped behaviour is clearly seen for the fragments with Z=20
and, to a lesser extent, also for Z=21. The deviation from the compound-nucleus evaporation behavior becomes very large for fragments with Z≤19, indicating that faster mechanisms other than complete fusion are contributing to these yields [see below]: quasi-, deep-inelastic processes.
Evaporation-residue cross sections of complete-fusion were generally determined for fragments with Z>21, by integration of experimental angular spectra. For θ Lab <3 o , and only in few cases where identification thresholds prevented to use the experimental data ( as at most forward angles for Z=24 ), LILITA calculations were used to extrapolate the angular distribution after normalization to the experimental data at a larger angle.
To better fit the energy spectra of 18≤Z≤21 residues, at least at the most forward angles, it was necessary to introduce a contribution from an incomplete fusion process characterized by a loss of mass of ≈8 amu from the target. This effect was simulated by calculating evaporation-residue spectra from the reaction 35 Cl+ 16 O using the LILITA code and as-suming a critical angular momentum of 28h. For those spectra where a centroid shift was evident, the heights of both the complete-and incomplete-fusion components were adjusted simultaneously in order to obtain the best overall reproduction of the data. The decomposition in the CF and ICF contributions is shown in Fig.2 and also in Fig.3 for Z=20 residues detected at four different angles. For Z=19 and Z=18 residues the presence of deep inelastic components increased the difficulty of separating the various reaction components.
Experimental angular distributions including all mechanism contributions are shown in Evaporation-residue cross sections from complete-fusion were determined by integration of associated angular distributions. In few cases where identification thresholds at the most forwards angles prevented to use the experimental data, LILITA calculations, after normalization to the experimental data at a larger angles, were used to extrapolate the angular distributions down to 0 • . Evaporation residues from incomplete fusion were determined in the same manner. The complete fusion-evaporation cross-section amounts to 600±105mb whereas the incomplete fusion-evaporation amounts to 60±30mb. Thus, the total evaporation residue cross section is found to be 660±110mb.
The complete-fusion evaporation-residue cross sections, obtained by integrating the angular distributions for the different charge channels, after subtraction of the estimated ICF contribution, are shown in Fig. 5 by the full circles. Compared to these experimental results are cross sections calculated using the LILITA and CASCADE [34] codes a . For these calculations, the diffuse cut-off approximation was assumed for the entrance-channel transmission coefficients [34] , taking the critical angular momentum for fusion as l cr = 38h and a diffuseness of ∆ = 1h, extracted from the total measured fusion-evaporation cross section.
Known low-lying states were used to determine the fragment level densities at low excitation energy. As seen in the figure, both calculations show an upward shift in Z-values of ∆Z≈2 with respect to experimental values.
It has been suggested that this shift may be due, to some extent, to the effects of deformation in the evaporating system, (see i.e. refs. [23, 35] ).
Taking deformation into account, however, represents a difficult task.Different procedures have been debated in the literature in connection with fitting of proton and alpha spectra, [36, 37, 38, 39, 40, 41] . Due to the lack of experimental transmission coefficients for emission of light particles from hot deformed nuclei and limitations of available multi-step evaporatingcode for deformed nuclei, this problem is still open and the object of investigations [42, 43] .
A simple, although schematic, way of taking into account deformation effects is to increase the potential radius in calculating the transmission coefficients for deformed nuclei and also to increase the moment of inertia radius parameters used in determining the available phase space for light fragment decay. This procedure has been used in the present analysis in order to take into account of deformation effects; as a matter of fact the deformation could, in our case, simulate a similar effect as the ICF mechanism in the residue charge distribution.
Data reported in literature for this mass region and lower excitation energy [36] 
IV. BINARY FRAGMENTS
For fragments such that (3≤Z≤17), the energy spectra are no longer consistent with the behaviour expected for heavy residues arising from a fusion-evaporation process. These nuclei are mainly the remnants of quasi-projectile or quasi-target fragments from binary reactions. They may also result in part from a fusion-fission process as we will show later.
In this case, the corresponding cross-section should be added to the fusion cross section. The energy-dependence of the angular distributions clearly indicate different reaction times, not only for different fragment pairs, but also for same pair at different net energy loss.
The decay time estimates for a surface reaction can be deduced from the angular distribution analysis using a simple Regge-Pole Model described in Ref. 44 . This analysis leads however, to almost flat distributions for decay times comparable to the rotation time of the di-nuclear system. In cases where there are both long-and short-lived reaction components, the Regge Model can be modified by the addition of a constant term h to account for the long-lived component:
Here, ω is the rotational frequency and τ is the decay time of the di-nuclear system. The rotational energy and the angular momentum at the scission configuration which are related to ω, can be estimated following the procedure discussed in Ref. 45 .
The rotation time of the di-nuclear system, T=2π/ω, was found to be ≈1.6·10 −21 s. to the decay time of the forward-peaked component. To obtain the τ 2 decay time of the backward-peaked component, ( target-like behaviour ), the Θ-abscissa has been changed in Θ 2 =π-Θ. In the fitting procedure, the fully damped part of spectra of all fragments was successfully fitted with only a component with dσ/dΘ cm =constant, whereas the partially damped components, with TKE≥29 MeV and fragments with Z=6 to 17 were fitted with eq. 4. In these cases, the cross sections corresponding to the constant term in eq.4 accounted for only a few percent of the of total yields. Table I , reports the angle-integrated cross section and kinetic energy values for both fully-damped components and partially-damped components for fragments with Z=3 to Z=16. Fig. 10 , presents the total measured yields for fragments with Z=3 to Z=25, the dashedline histograms correspond to the fully damped cross sections for Z=3 to Z=17 fragments obtained by extrapolating the experimental distribution over the complete angular range.
For the sake of completeness, the figure also shows the contribution from the completefusion process (full line histogram). The excess yield around Z=16-17 can be imputed to quasi-elastic and partially damped processes.
V. TRANSITION-STATE CALCULATIONS
Although neutron, proton, and alpha-particle emissions are the dominant particle-decay modes for compound nuclei as formed in the fusion reactions of low-mass systems, binary fission is also a possible process [17] . For lighter systems that are below the BusinaroGallone limit, the fission barriers are such as to favor the breakup of the compound nucleus into asymmetric-mass channels. For these systems, light-particle emissions can be thought of as one extreme of the fission mass distribution [46] . Fission to the more symmetric-mass binary channels tends to be restricted in these systems to partial waves near to the critical angular momentum for fusion l cr . Calculations using the transition-state model, where the fission decay width is determined by the density of states at the saddle point, have been found to successfully reproduce the observed fission cross sections in system of mass A≈100 [47] and lighter [17] , when the saddle-point energy is calculated for different mass asymmetries and spins using the finite-range model (see, e.g., ref. [48] ) . Binary fragment production is also predicted by the Extended Hauser-Feshbach Method (EHFM) [49] , where the partial decay widths are determined by the available phase space at the scission, rather than the saddle, configuration. This method has been successfully used to explain the yields of both evaporation residues and intermediate mass fragments, as well as the kinetic energies of the heavier fragments.
Since the saddle-point shape in this mass region corresponds to having two touching spheroids in an elongated configuration, any process that leads to the formation of a longlived, dinuclear orbiting system of similar deformation is likely to result in angular and excitation energy distributions that are indistinguishable from those of a fusion-fission mechanism. The most unambiguous way to distinguish between the fusion-fission and long-lived orbiting mechanisms in light systems is to establish an entrance channel dependence of the fully energy-damped yields that cannot be accounted for by differences in the expected compound-nucleus spin distribution. Such studies have not been done for the present system.
Based on the number of open channels systematics of Beck et al. [9] , however, a significant orbiting yield is not expected for the present reaction and consequently, in the following we will assume a fusion-fission origin for these yields.
In the present analysis, the formulation of Ref. [17] , with its basic-parameter values, is used to calculate the mass-dependent yields and kinetic energies for the fission fragments.
This calculation uses the spin and mass-asymmetry dependent saddle-point energies of the finite-range model [48] to determine the transition-point phase space.
In light systems the saddle-and scission-point configurations are believed to be similar.
Therefore, the geometry of the two fragments at scission is based on the calculated saddle point configuration of the finite-range model.
The total kinetic energy in the exit-channel is assumed to be :
where V C and V N are the Coulomb and nuclear energies, respectively. ℑ rel is the relative moment of inertia and ℑ 3 and ℑ 4 are the moment of inertia of fragments 3 and 4 respectively.
The diffuse cut-off model [34] was used to determine the fusion partial cross section distribution, with the diffuseness and critical angular momentum for fusion taken as ∆=1h
and l cr =38h, respectively, as assumed for the evaporation residue analysis presented earlier.
The ratio of the fission decay width Γ f to the total decay width of the compound nucleus, Γ tot , was determined using the statistical model, with Γ tot =Γ n +Γ α +Γ p +Γ f , and Since it is possible that fission events will leave the resulting fragments at excitation energies above their particle-emission thresholds, secondary light-particle emission can affect the mass and energy distributions of the observed fragments. In order to make a realistic comparison of the transition-state model calculations to the experimental results, this secondary light-particle emission has been simulated by using the binary decay option of the LILITA code [33] . The cross sections for the primary mass distribution, obtained from the transition-state model calculations, have been taken as input data. In each fission exit channel, a Gaussian distribution was assumed for the total kinetic energy distribution, with the peak of the distribution obtained using the double spheroid model and the standard deviation taken as 21% of the average value. The total excitation energy was divided between the two fragments assuming equal temperatures.
Comparisons of transition-state model predictions with the experimental cross sections are shown in Fig. 11 for all Z-fragment yields in the range 3≤ Z≤25. For 3≤ Z≤17 only the cross sections based on the fully damped yields are shown. For 18≤ Z≤25 the CF experimental yields are reported. It is worth noting the large shift to lower values that the evaporation process produces in the final fragment-distribution with respect to the primary one. Good overall agreement is found between the experimental results and the transitionstate calculations. The calculated fission cross section is 145 mb whereas the corresponding isotropic experimental cross section of 168±30mb.
The calculated and experimental c.m. total kinetic energies of the fragments are compared in Fig. 12 . The transition-state model calculations corrected for evaporation are generally in good agreement with the measured kinetic energies.
Then the overall agreement suggests to ascribe the fully-damped yields to the fusionfission process.
VI. LIMITS TO THE 59 Cu COMPOUND NUCLEUS FORMATION
The energy dependence of the total fusion cross section can yield important information about the limits of energy and spin that can be sustained by nuclear systems. [22] [23] [24] [25] [26] [27] reactions are shown in Fig. 13 as functions of V C /E c.m. . The Coulomb barrier energy V C is taken as
with
+ 2.73(f m)
A p and A t are the projectile and target mass respectively, in atomic mass units, and R B is the barrier radius. Each of these reactions populate the 59 Cu compound nucleus. The energy dependence of the total reaction cross section, based on optical model calculations for the 35 Cl+ 24 Mg system (see caption of Figure 1 ) , is shown by the long-dashed line in Fig. 13 .
At energies near and somewhat above the barrier, V C /E c.m. ≥0.6 (region I), the fusion cross section is close to the total reaction cross section, except for small departures that result from quasi elastic processes. In the range 0.3≤V C /E c.m. ≤0.6 (region II) the fusion cross section initially continues to increase with incident projectile energies, though at a lower rate, and then reaches a saturation point. Competing with fusion, in this energy range, are deepinelastic processes that are strongly dependent on the entrance-channel mass asymmetry.
Region II can be described in terms of the critical distance model [49] or by dynamical trajectories based on friction models. Estimations of Bass model [50] for disappearance of pocket in the ion-ion potential ( l f us ≈38h ), and for the critical angular momentum value ( l crit =55h ) rather overestimate the experimental data ( see in Fig. 13 the intersection of Bass region II and region III lines).
At higher energies, V C /E c.m. ≤0.3 ( region III) incomplete fusion processes can be seen for all three systems, becoming more important with increasing entrance-channel mass asymmetry. In this higher energy region, a strong fission component can be assumed for the 35 Cl+ 24 Mg reaction which should be taken into account when determining the complete fusion cross section. However no fission data are at present available for the two other entrance channels, which makes interesting the question of how this process might influence the fusion cross sections deduced for these systems. On the other hand, although there is some dispersion in the experimental data for the different systems, it is clear that the complete fusion cross sections decrease with increasing energies in region III, suggesting that a common limit is reached for the formation of the 59 Cu compound system. Also, this limit appears to be independent of the specific entrance channel. In Fig. 14, the same data are shown in a plot where the excitation energy of the compound nucleus E * is shown as a function of the critical angular momentum of the compound nucleus, as extracted from the data using the sharp cut-off approximation.
The saturation value found for the critical angular momentum, J cr ≈42±3.5h, is consistent with the value at which the fission barrier of the Al reaction at similar bombarding energies, and therefore consistent with the systematics of Morgenstern et al. [10] .
In the binary-decay elemental distributions the general inelastic contribution evolves from quasi-elastic to full energy damping as the charges of fragments are more and more remote from target and projectile Z-values.
The partially-damped exit-channels show both projectile-like and target-like components, with decay-time much shorter than the rotation time (0.03≤τ 1 /T≤0.20). The total amount of these processes (sum of the fragment contributions up to Z=16) can be evaluated to be ≈335 mb. The fully-damped components of energy spectra can be associated with decay times which are longer than the rotation time, therefore exhibiting their clear long-lived nuclear origin. These components, of constant dσ/dΘ angular distributions, have elemental cross sections and total kinetic energies ( corrected for secondary light-particle evaporation) which are well reproduced by the Transition State Model of ref. [17] . The total cross section for this component is found to be σ F F ≈168 mb. An alternative explanation for these fully damped yields in terms of a di-nucleus orbiting mechanism cannot be discounted, although there is no compelling evidence for this alternative based on the observed systematics. The other binary-decay mechanisms which compete strongly with fusion-evaporation ( ≈600 mb), or with fusion followed by evaporation or fission (≈768 mb), are the discussed damped processes (≈335 mb ), the incomplete fusion process, ( ≈60 mb ), and a quasi-elastic mechanism, which could not be evaluated with the current experiment. Although with some dispersion, the experimental data clearly indicate a saturation effect in region III which corresponds to a common angular-momentum limitation reached for the formation of the 59 Cu compound system.
Based on the present results, it would now be interesting to revisit the previously mea- The excess yield observed around Z=16 is due to important contribution from quasielastic or partially damped collisions (see text). Fig. 8 and Fig. 9 
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